Aim Biological invasions and anthropogenic habitat modification are considered to be the leading drivers of global environmental change, yet their synergistic impacts on native communities remain poorly understood. We tested the effects of an invasive grass, Stenotaphrum secundatum, on an endangered coastal swamp forest community across an anthropogenic land use gradient. We also investigated the relative importance of landscape versus local community attributes in mediating the effects of S. secundatum invasion on the community. Location Four hundred kilometres of the coastline of south-eastern Australia. Methods We compared the diversity, composition and recruitment of resident vegetation in 32 invaded and 32 non-invaded forest stands across an anthropogenic land use gradient. Local disturbance and environmental attributes of the forest (e.g. fire severity, litter abundance, canopy openness, vegetation structure) and adjacent landscape matrix (e.g. cover of forest, urban and agricultural land) were measured in detail at each site. Results Invasion was associated with substantial local extinctions of native plant species (i.e. 83% fewer species in invaded sites), altered community compositions and an 85% reduction in rates of woody plant recruitment. Local disturbances and environmental attributes of forest stands and adjacent landscape matrix were similar between invaded and native sites. Invasion caused a twofold increase in litter biomass, which we hypothesize is the primary mechanism by which the invader excludes native species. Landscape modification had no effect on the diversity of adjacent swamp forest. There was no interactive effect of landscape modification and invasion on the native community; species losses in response to invasion were high regardless of the condition of the adjacent matrix. Main conclusions We show that impacts of non-native species are not dependent on landscape context and, unexpectedly, that invasion by an alien plant poses a greater threat to diversity of endangered swamp forests than modification of the adjacent matrix.
versus local community attributes in mediating the effects of S. secundatum invasion on the 23 community.
24
Location: 500 km of the coastline of south eastern Australia.
25
Methods: We compared the diversity, composition and recruitment of resident vegetation in 26 32 invaded and 32 non-invaded forest stands across an anthropogenic land-use gradient.
27
Local disturbance and environmental attributes of the forest (e.g. fire severity, litter 28 abundance, canopy openness, vegetation structure) and adjacent landscape matrix (e.g. cover
29
of forest, urban and agricultural land) were measured in detail at each site.
30
Results: Invasion was associated with substantial local extinctions of native plant species 31 (i.e. 83% fewer species in invaded sites), altered community compositions and an 85% 32 reduction in rates of woody plant recruitment. Local disturbances and environmental 33 attributes of forest stands and adjacent landscape matrix were similar between invaded and 34 native sites. Invasion caused a two-fold increase in litter biomass, which we hypothesise is 35 the primary mechanism by which the invader excludes native species. Landscape 36 modification had no effect on the diversity of adjacent swamp forest. There was no 37 interactive effect of landscape modification and invasion on the native community; species 38 losses in response to invasion were high regardless of the condition of the adjacent matrix. (Vitousek et al., 1996; Wilcove et al., 1998; Mack, 2003; Lockwood et al., 2007) . Whilst 52 information on invasive species' impacts has increased dramatically in recent decades (Vilà 53 et al., 2011) , there is very little evidence for how invasion and habitat modification interact to 54 drive community change. Indeed, in a review of 11588 studies on landscape change (i.e.
55
habitat loss, fragmentation and altered land use) and 3528 studies on species invasion by 56 Didham et al. (2007) , only 1.2% of studies investigated the simultaneous effects of invasion 57 and habitat modification on native communities, and only 0.03% sought to determine how the 58 two processes interact to impact resident communities. An understanding of how such 59 threatening processes interact to structure indigenous communities is necessary in order to 60 prioritise areas most at risk of species extinctions (Williams et al., 2005) .
62
There are several major pathways by which non-native species invasion and habitat 63 modification could interact to drive community change. First, local and landscape 64 disturbances of natural areas, such as livestock grazing, fire, deforestation, urbanisation and 65 nutrient addition, can directly facilitate non-native species invasion and the concomitant 66 losses of native species through increases to available resources and non-native propagules 67 (Dukes & Mooney, 1999; Davis et al., 2000; Davis & Pelsor, 2001 ). Since invasion is 68 coincident with habitat modification in these cases, it is very difficult to discern whether 69 invasion is the driver of community change or a coincidental symptom of habitat 70 modification (MacDougall & Turkington, 2005) . For example, Silliman and Bertness (2004a) 71 found that urban development along the border of marshes was associated with reduced soil 72 salinities, increased nitrogen availability and invasion of the marsh by the non-native reed 73 Phragmites australis, which in turn was associated with substantial local extinctions of native 74 marsh species. It is uncertain, however, whether native species were directly excluded by P. 75 australis under these changed abiotic conditions, or whether the invader was simply 76 occupying vacant disturbed spaces no longer suitable for natives.
78
Second, invasion and habitat modification can act synergistically on native communities, 79 whereby the emergent effect of their interaction is greater than the 'simple additive effects of 80 either of these processes operating independently' (Didham et al., 2007) . In this case, the 81 initial spread and establishment of the non-native invader may or may not be dependent upon 82 habitat modification, yet the resultant impacts of invasion on the community are enhanced by 83 the habitat disturbance. For example, Green and Galatowitsch (2002) found that invasion of 84 experimental wetlands by the non-native grass Phalaris arundinacea reduced the abundance 85 of native plants under both low and high nitrogen availabilities, yet the magnitude of the 86 invader's impacts on native abundances was greater when resource levels were high.
88
The spatial context of habitat modification can also influence changes to native communities 89 (Suarez et al., 1998; Collinge et al., 2003; Steffan-Dewenter, 2003 (Bullock et al., 2002; Kupfer et al., 2006; Bartomeus et al., 2010; Herrera & Garcia, 2010; 99 Schmucki et al., 2012) . On the other hand, if diversity is driven by the availability of suitable 100 microsites for propagule settlement and germination, or competition with resident species, 101 then modification to local site attributes might be more important in modulating the invader's 102 effects (Collins et al., 2002) .
104
We used a broad scale multi-site comparison procedure (Adair & Groves, 1998) (Sauer, 1972) . It has become invasive in coastal forest of Australia, although its 110 impacts on resident communities is unknown (Daehler et al., 2004 (Tozer et al., 2010) . The community is five percent of extant stands are located within conservation reserves (Tozer et al., 2010) . We used a correlative, multi-site comparison procedure (Adair & Groves, 1998) Sites were separated by at least 100 m, and the mean (± SE) distance from one site to its 150 nearest neighbour was 5.5 (± 1.3) km. Given that the diversity of coastal swamp vegetation 151 along eastern Australia is known to increase with latitude (Saintilan, 2009) invasive grasses (Brewer, 2008; Cushman & Gaffney, 2010 plant species, and the number of native tree and shrub recruits (see Table 1 for details).
171
Understorey vegetation was considered to comprise any species growing below 2 m in height 172 (Brewer, 2008; Brooks et al., 2010 has a shallow root system, and is thus unlikely to directly compete with and displace mature 175 trees and shrubs (Brewer, 2008; Brooks et al., 2010; Spyreas et al., 2010) . Non-native species
176
were defined as those introduced from other regions within Australia or other countries 177 (Mason & French, 2007) . Species nomenclature followed Harden (1990 Harden ( , 1992 Harden ( , 1993 Harden ( , 2002 .
178
Species abundance was estimated by dividing the plot into a 5 cm grid of 1600 intersecting 179 points, and then calculating the percentage of points under which each species occurred.
180
Recruits were defined as non-reproductive, juvenile seedlings or saplings of native trees and
181
shrubs less than 2 m in height.
183
We measured the percentage cover, depth and volume of leaf litter in each plot, as these are 184 known to be key regulators of plant communities (Facelli & Pickett, 1991) , particularly in 185 association with non-native grasses, which can extensively modify the litter dynamics of 186 forest ecosystems (Allison & Vitousek, 2004; Wolkovich et al., 2009 Akaike's Information Criterion (Akaike, 1974) . Poisson regression (Coxe et al., 2009) was 237 used to model the number of native tree and shrub seedlings, as these were found at low 238 densities and transformations were unable to improve normality of the data. in the reduced best-fit model (Quinn & Keough, 2002) . Normality of the data was assessed
243
by inspecting plots of studentised residuals and performing the Shapiro-Wilk test (Miller, 244 1997 Similarity percentage (SIMPER) analysis was used to identify the species contributing most 260 strongly to the compositional differences between native and invaded sites (Clarke, 1993) .
261
Differences in the abundance and frequency of occurrence between native and invaded sites 262 for those species identified by SIMPER were verified using non-parametric Kruskal-Wallis 263 tests (Zar, 1999 volume and biomass, see below) varied between invaded and native sites (Table 2) .
(C) Litter volume and biomass

277
Leaf litter volume of invaded sites was more than twice that of native forest sites ( Fig. 1 (a);
278 Table 2 ). Furthermore, invaded sites had a significantly greater total (i.e. native and S. The final model of native species richness included three predictor variables (i.e. invasion 286 category, number of native species in the surrounding forest community, and anthropogenic 287 land use in the surrounding landscape matrix), which together explained 71% of the variation 288 in native species richness (Table 3) . Invaded sites had more than four-times fewer native 289 species than native reference sites ( Fig. 2(a) ). There was a significant interactive effect on native species richness when data from this site were excluded from the GLM, although 300 the significant negative effect of invasion was retained (Table 3 ). In addition, the number of upper canopy cover, and tree density) or density of dead trees.
307
There was a significant reduction in the cover abundance of native vegetation associated with 308 S. secundatum invasion ( that the main driver of community differentiation was a change to the identity and/or 335 frequency of occurrence of species in response to S. secundatum. Invasion had no effect on 336 the composition of non-native species (Table 5) . and hydrology, none of which were examined in our study, but are known to vary over small 403 scales (Grant et al., 2003) and are important regulators of invasion and community dynamics 404 in coastal plant communities (Guntenspergen & Levenson, 1997; Green & Galatowitsch, 405 2001). These conflicting models of impact could be reconciled through invader addition (e.g. and continued monitoring of spreading S. secundatum populations (Maestas et al., 2003) . 
Aim:
The primary vegetation surveys revealed that sites invaded by S. secundatum had about twice the volume of litter than native reference sites. It remained unclear, however, whether this increase in the volume of space occupied by litter was due to an increase in the mass of litter or, rather, changes to the architecture of the litter layer (i.e. had the mass of litter remained constant, but had the litter layer become less dense?). Furthermore, if indeed invasion was associated with an increase in the litter mass, it was unknown whether this extra litter was derived from S. secundatum or an increase in the supply of native litter.
We asked:
1. Do S. secundatum-invaded sites have a greater biomass (kg.m -2 ) of leaf litter than native reference sites? 2. If so, is this extra litter derived from S. secundatum or additional native litter?
Litter sampling: We sampled leaf litter from four extensively invaded swamp forest locations, where the size of S. secundatum patches exceeded 1 ha and the foliage cover of S. secundatum within each patch was ≥ 80% (Puckeys: 34°24'25.10"S, 150°53'50.90"E; Kioloa: 35°32'46.50"S, 150°22'56.50"E; Nangudga: 36°14'48.21"S, 150° 8'15.45"E and Wallaga Lake: 36°21'56.10"S, 150° 4'7.80"E). Litter was defined as dead leaf and stem (diameter ≤ 20 mm) material that is detached from living vegetation. Litter was sampled from within six 1 × 1 m plots at each location -three plots within S. secundatum infestations and three plots within adjacent non-invaded vegetation. Invaded plots were located in the centre of infestations (at least 5 m from the edge of each S. secundatum patch), native plots were located at least 10 m from the edge of infestations, and all plots were separated by at least 20 m. Litter was separated into litter derived from native vegetation (the bulk of which was derived from the dominant canopy tree Casuarina glauca) and S. secundatum, oven dried at 60 °C for one week and then weighed (± 0.01 g). Biomass was expressed as kg.m -2 .
Data analysis:
We used two-way analyses of variance (ANOVAs) to detect the variation in (1) native litter biomass and (2) total (native + S. secundatum) litter biomass between native and invaded plots (fixed factor) and amongst the four locations (random factor).
Results:
The biomass of native litter varied significantly amongst locations, but not between invaded and native plots ( Table 1 ). The total biomass of litter (i.e. native and S. secundatum litter combined) was significantly greater in invaded than native plots, and also varied amongst locations. However, the effects of invasion on total litter biomass did not vary across locations (as indicated by the non-significant interaction term in the model).
Conclusion:
Invasion by S. secundatum is associated with increased accumulation of leaf litter. Since the mass of native litter remained constant between invaded and native plots, we conclude that the additional litter was derived from S. secundatum. Thus, S. secundatum invasion modifies litter regimes of the swamp forest by directly increasing rates of litter accumulation. Appendix S3. Details of data analysis (multicollinearity and construction of general linear models).
Assessment of multicollinearity:
The assessment of multicollinearity amongst predictor variables consisted of three stages: first, prior to the construction of GLMs, multicollinearity amongst the continuous predictor variables (not including invasion category) was assessed by constructing a matrix of Pearson correlation coefficients. Second, t-tests were performed to determine whether any of these continuous predictors varied significantly between invaded and native sites. This was an important step in determining whether the effects of S. secundatum invasion on the native community were confounded by any of the environmental and disturbance characteristics of the swamp forest and surrounding landscape. Third, variance inflation factors (VIFs) were calculated for those predictors (both main effects and interaction terms) included in the reduced best-fit model. Predictors with VIF values less than "10" were considered to provide strong and independent estimates of the response variable, and were thus retained in the final reduced model.
Model assumptions:
Normality of the data was assessed by inspecting plots of studentised residuals and performing the Shapiro-Wilk test. Homogeneity of variance amongst means was tested using Cochran's C test. Data were square root or log (x + 1) transformed as necessary to conform to these assumptions. Influential data points and outliers were identified by calculating Cook's distances and inspecting plots of studentised residuals, respectively. Only one influential data point was detected: the number of dead trees and shrubs in a native site located at the northern section of the study region (site code: Bellambi #1), which generally had greater than 10 times the number of dead trees and shrubs than other sites. Removal of this site from the model resulted in an improvement of the fit, which was confirmed by an inspection of R 2 and AIC values.
Construction of general linear models:
Pearson correlation coefficients revealed that six variables (i.e. community native richness, upper-canopy cover, density of living trees, matrix anthropogenic cover and latitude) were strongly correlated with most other environmental and disturbance covariates but, importantly, not amongst one another (Table 1) . These six variables were thus considered to provide independent estimates within the GLMs and good surrogates for all other predictors in the models. Likewise, the other predictors were considered to be redundant and not included in the models. A further three variables (i.e. survey date, ground-layer cover and dead tree density) were included in the models as these were uncorrelated with any other predictors. Furthermore, t-tests showed that none of the predictors, with the exception of leaf litter volume and biomass, varied significantly between invaded and native sites. and invaded (n = 32) coastal swamp forest patches.
